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The pyrochlore oxides Dy2Ti2O7 and Ho2Ti2O7 are well studied spin ice systems and have shown
the evidences of magnetic monopole excitations. Unlike these, Dy2Zr2O7 is reported to crystallize
in a distorted fluorite structure. We present here the magnetic and heat capacity studies of La
substituted Dy2Zr2O7. Our findings suggest the absence of spin ice state in Dy2Zr2O7 but the
emergence of the magnetic field induced spin freezing near T ≈ 10 K in ac susceptibility measure-
ments which is similar to Dy2Ti2O7. The magnetic heat capacity of Dy2Zr2O7 shows a shift in
the peak position from 1.2 K in zero field to higher temperatures in the magnetic field, with the
corresponding decrease in the magnetic entropy. The low temperature magnetic entropy at 5 kOe
field is Rln2 - (1/2)Rln(3/2) which is same as for the spin ice state. Substitution of non-magnetic,
isovalent La3+ for Dy3+ gradually induces the structural change from highly disordered fluorite to
weakly ordered pyrochlore phase. The La3+ substituted compounds with less distorted pyrochlore
phase show the spin freezing at lower field which strengthens further on the application of magnetic
field. Our results suggest that the spin ice state can be stabilized in Dy2Zr2O7 either by slowing
down of the spin dynamics or by strengthening the pyrochlore phase by suitable substitution in the
system.
I. INTRODUCTION
Geometrically frustrated magnetic systems have been
a subject of continuing research interest because of the re-
alization of interesting quantum phases, non-trivial mag-
netic ordering and excitations originating from the com-
peting ferromagnetic (FM) and antiferromagnetic (AFM)
interactions [1–6]. Of particular interest are the py-
rochlore oxides: Dy2Ti2O7, Nd2Zr2O7 and Ho2Ti2O7
where the exotic magnetic and thermodynamic proper-
ties have been observed [7–10] at low temperature. Py-
rochlore oxide A2B2O7, (A is the trivalent rare-earth ion
and B tetravalent transition metal ion) contains a net-
work of corner-sharing tetrahedra where the magnetic
rare-earth ions reside at the corners of tetrahedra and
play a major role in deciding the magnetic behavior of
these systems [11, 12]. In pyrochlores, the exotic mag-
netic ground state is achieved by three competing inter-
actions: AFM exchange interaction, FM dipolar inter-
actions and crystal electric field (CEF), where the dom-
inant effect of CEF forces the spin to point either di-
rectly towards or away from the center of the tetrahedra
and induces spin anisotropy in the system. For exam-
ple, in Ho2Ti2O7 and Dy2Ti2O7 spin ice ground state
is achieved by spins and their excitations are magnetic
monopoles, Er2Ti2O7 has the AFM ordering which is
achieved through order-by-disorder mechanism and spin
liquid ground state is observed in Tb2Ti2O7 [13–16]. The
computational studies on these systems have suggested
the presence of spin ice state (two in-two out ordering)
due to the dominance of FM dipolar interactions over the
AFM exchange interactions which favors all-in-all-out or-
dering. [17, 18]
More recently Ramon et al. have shown Dy2Zr2O7
to crystallize in defect-fluorite structure with lattice con-
stant a = 5.238(2) A˚ [19]. Unlike Dy2Ti2O7, Dy2Zr2O7
shows the absence of spin ice state [20]. Although the
specific heat and neutron scattering studies suggest very
dynamic, short range, AFM spin-spin correlation below
10 K and the system remains disordered down to 40
mK with a significant value of magnetic susceptibility
[19]. In Dy2Ti2O7, the spin state satisfy the two-in two-
out ice rule and possess the Pauling’s residual entropy
of (R/2)ln(3/2), which is absent in case of Dy2Zr2O7
[19, 20]. However, similar to Dy2Ti2O7 a correlation
peak is present in Dy2Zr2O7 around 2 K in the heat ca-
pacity measurement [19]. These results indicate that the
combined effect of Zr4+ disorder and spin frustration at
low temperature leads to the dynamic ground state of
Dy2Zr2O7 [19].
Here, we present the structural, magnetic and thermo-
dynamic properties of Dy2−xLaxZr2O7; x = 0, 0.15, 0.3
based on dc magnetic susceptibility, ac magnetic suscep-
tibility, isothermal magnetization and heat capacity mea-
surements. It is observed that Dy2Zr2O7 is a frustrated
magnetic system which undergoes spin freezing transi-
tion at Tf ∼ 10 K in ac susceptibility measured in the
presence of dc magnetic field of 5 kOe. This spin freezing
transition is similar to the transition in Dy2Ti2O7 at T
= 16 K in zero dc field, which is lost due to large struc-
tural disorder introduced by Zr atoms, and recovers on
application of magnetic field. The partial substitution
of non-magnetic La3+ in place of magnetic Dy3+ stabi-
lizes the pyrochlore phase and spin-ice behavior is seen
at lower fields. These results suggests that magnetic field
can induce the spin-ice state in Dy2Zr2O7 and La substi-
tution can favor spin-ice formation at even lower fields.
2II. EXPERIMENTAL DETAILS
The polycrystalline Dy2−xLaxZr2O7 (x = 0, 0.15, 0.3)
compounds were prepared by the reaction of stoichiomet-
ric mixture of constituent oxides: Dy2O3 (Sigma Aldrich,
≥99.99% purity), La2O3 (Sigma Aldrich, ≥99.999% pu-
rity) and ZrO2 (Sigma Aldrich, 99% purity) in the alu-
mina crucible at 1350oC in air for 50 hours [21]. The
reaction at this temperature was done thrice with the
intermediate grindings using an agate mortar and pes-
tle. The Dy2O3 and La2O3 were pre-heated at 500
oC
to get rid of any possible moisture because of the hygro-
scopic nature of rare earth oxides. The obtained com-
pounds were further pelletized and sintered at 1350oC
for 50 hours.
The crystal structure and phase quality of the sam-
ple was confirmed by the Rietveld refinement of the x-
ray diffraction (XRD) pattern using Fullprof Suit soft-
ware. Raman spectra of the compound was obtained
at 300 K in back scattering geometry by using Horiba
HR-Evolution spectrometer with 532 nm excitation laser.
The x-ray photoemission spectroscopy (XPS) showed the
Dy and Zr atoms to exhibit +3 and +4 oxidation state
respectively (shown in figure 3), similar to Dy and Ti in
Dy2Ti2O7 and XPS spectrum does not show any peak
corresponding to the oxygen vacancy [6]. The magnetic
measurements were performed using Quantum Design
built Magnetic Property Measurement System (MPMS)
and Heat capacity was measured using Quantum Design
built Physical Property Measurement System (PPMS).
We performed DFT calculations using the projector-
augmented wave (PAW) psuedopotential and a plane
wave based method as implemented in the Vienna Ab-
initio Simulation Program [22]. The exchange-correlation
functional used in our calculations is Perdew-Burke-
Ernzerhof generalized gradient approximation (PBE-
GGA) [23]. Coulomb interaction (U) and spin-orbit
interaction (SO) were considered within GGA+U+SO
approximation [24]. An energy cut-off of 500 eV was
used for the plane waves in the basis set while a 5×5×5
Monkhorst-Pack k-mesh centered at Γ was used for per-
forming the Brillouin zone integrations.
III. RESULTS AND DISCUSSIONS
A. Crystal Structure
Figure 1a shows the Rietveld refined XRD data of
Dy2Zr2O7 at T = 300 K fitted with space group Fd3¯m.
The XRD pattern consists of main peaks belonging to the
pyrochlore lattice but some of the super-structural peaks
corresponding to 2θ = 14o (111), 27o (311), 36o (331), 42o
(422) are missing [25]. The XRD of Dy2−xLaxZr2O7; x
= 0.15, 0.3 (figure 1b and 1c) also shows similar patterns
with a slight shift in peak position towards lower angle
(shown in the inset of figure 1b). The variation in lat-
tice constant and position of oxygen ion x(O) with La
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FIG. 1: X-ray diffraction pattern of Dy2−xLaxZr2O7 for x =
0.0, 0.15 and 0.3. collected at room temperature along with
Rietveld refinement using Fd3¯m space group. Insets of 1b and
1c represents the shift in peak position, lattice constant and
x(O) parameter for the compounds respectively.
substitution is plotted in the inset of figure 1c. Recently
Ramon et al. has reported a good fit for Dy2Zr2O7 with
Fm3¯m disordered fluorite space group [19]. However we
have found a better fit of XRD data with Fd3¯m space
group (χ2 = 1.46) compared to Fm3¯m (χ2 = 1.86).
In pyrochlore structure, 1/8 of the anion sites are va-
cant and these vacancies occupy a distinct site. Whereas
in fluorite structure the O atoms locally form a per-
fect cube around both A and B atoms which is different
from the configuration of oxygen atom in ideal pyrochlore
structure. This symmetric rearrangement of O about the
3magnetic ion modifies the crystal field states expected
for the pyrochlore structure [25, 26]. The transition from
fluorite to pyrochlore phase arises due to ordered oxygen
vacancy which results in the decrease in x-coordinate of
48f oxygen site. The variation in x(O) 48f site strongly
affects the structural symmetry and determine the shape
of polyhedra around A and B site [27, 28].
TABLE I: Crystallographic data and magnetic parameters of
Dy2−XLaxZr2O7; x = 0, 0.15, 0.3
x= 0 x = 0.15 x = 0.3
a (A˚) 10.4511(3) 10.4832(4) 10.4972(3)
x(O) 0.3662 0.3674 0.3692
rA/rB 1.43 1.44 1.45
χ2 1.46 2.26 2.22
µeff (µB) 8.20 7.99 7.06
θcw(K) -9.6 (2) -7.91 (2) -7.14 (1)
Jnn/Dnn -0.86 -0.863 -0.87
For xideal = 0.3125, B sites form an ideal octahedron
and position of x = 0.375 indicates distorted octahedron
for B atom and perfect cubic symmetry for A atom. The
value of x(O) for Dy2Ti2O7 is 0.4243 and replacement of
Ti with Zr reduces it to 0.3662 for Dy2Zr2O7 [9]. This
large variation in x(O) with Zr substitution expectantly
changes the coordination of B site by forming the highly
distorted octahedron and reduces the asymmetry around
A site. The structure of Dy2Zr2O7 is slightly equivalent
to disordered fluorite with x = 0.3662 (∆x = 2.35%).
The x(O) position is directly related to the structure and
strongly affect the <Zr-O-Zr> and <Dy-O-Dy> bond
angle which are 72.41o and 109o respectively. In partic-
ular, <B-O-B> angle for fluorite structure is 109o and
for pyrochlore structure, it increases to 120 - 130o. The
obtained <Dy-O-Dy> bond angle favor the formation of
pyrochlore phase and <B-O-B> bond angle is small but
closer to the other members of pyrochlore family [29, 30].
Further the stability of pyrochlore structure can be es-
timated by the ratio of cationic radii (rA/rB) [31]. For
pyrochlore structure, rA/rB ranges between 1.48 to 1.78.
The deviation whether smaller/larger than these values
leads to the formation of defect-fluorite/perovskite type
structure respectively [32]. For Dy2Zr2O7, the rA/rB ra-
tio of 1.43 (where rA = 1.027 A˚ and rB = 0.72 A˚ for
Dy3+ and Zr4+ respectively) indicates the formation of
defect fluorite structure. On the substitution of La+3
in Dy2Zr2O7, the rA/rB ratio shifted towards pyrochlore
regime (See table 1).
We have shown room temperature Raman spectra
of Dy2−xLaxZr2O7 in figure 2. The Raman spectrum
of fluorite is known to possess a single broad band
(T2g) because of the random distribution of oxygen ions
over the anion sites [27], whereas pyrochlore lattice ex-
hibits six active Raman modes (A1g, Eg, 4T2g) [33, 34].
ForDy2Zr2O7, Raman bands are observed at 123 cm
−1,
323 cm−1, 401 cm−1, 595 cm−1 and 650 cm−1. We can
assign the Raman mode of Dy2Zr2O7 at 323 cm
−1 (due
to B-O6 banding vibrations) to T2g, 401 cm
−1 (mostly
B-O, A-O stretching and O-B-O bending vibrations) to
Eg and 595 cm
−1 (mostly B-O stretching) to T2g [35, 36].
The single broad band at ∼ 466 cm−1 corresponding to
the fluorite structure was not observed by us [27]. A rela-
tively weak band observed at 123 cm−1 can be associated
with disorder in the system or anharmonic effect [35] and
band at 650 cm−1 can be attributed to the higher coor-
dination of B ion [37].
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FIG. 2: Room temperature Raman spectra of
Dy2−xLaxZr2O7; x = 0, 0.15 and 0.3, showing the presence
of Raman modes corresponding to pyrochlore structure.
Thus, it can be inferred that although a substan-
tial global disorder is seen from XRD measurements,
ordering at microdomains seen from Raman spectra
favors the weak pyrochlore structure in Dy2Zr2O7. The
observation of the remnants of pyrochlore modes in
Raman data suggests it as a weak pyrochlore at the
microdomain level and the defect fluorite structure
in bulk. Based on X-Ray, Raman and synchrotron
radiation XRD techniques Mandal et al. has shown that
Dy2Hf2O7 is a weakly ordered pyrochlore which possess
remnants of pyrochlore in Raman spectra and presence
of superstructure peaks in the XRD [25].
Upon substitution of La, all the five pyrochlore Raman
modes become sharp and intense. Additionally, La
substituted compounds shows one extra peak at 512
cm−1 which is marked as A1g. This mode has particular
importance in pyrochlores as it is directly related to
the trigonal distortion of B-O6 octahedra through the
modification of <B-O-B> bond angle [38]. These
results suggest that the structural symmetry increases
with substitution and leads the system towards weakly
ordered pyrochlore phase.
The x-ray photoemission spectroscopy (XPS) measure-
ment on Dy2Zr2O7 (figure 3) confirmed +3 and +4 ox-
idation state of Dy and Zr ion as that of Dy and Ti in
Dy2Ti2O7 [21]. The xps spectra of oxygen contains two
signals. The first signal (O-1s) at ∼ 529 eV corresponds
to lattice oxygen and a very weak signal (marked by star)
at ∼ 532 eV indicates defects/vacancies or surface chemi-
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FIG. 3: XPS spectra of Dy, Zr and O ions of Dy2Zr2O7 col-
lected at room temperature
absorbed oxygen [? ]. The ordered oxygen vacancies of
the pyrochlores might be the possible reason for the ob-
servation of a weak signal at ∼ 532 eV.
B. DC Magnetization
DC magnetization of the compounds (figure 4) was
measured in the temperature range T = 1.8 - 300 K in
zero field cooled (ZFC) and field cooled (FC) protocol at
the magnetic field (H) of 5 kOe. Similar to Dy2Ti2O7, dc
susceptibility χdc(T ) of Dy2−xLaxZr2O7 increases mono-
tonically on cooling and does not show any anomaly down
to 1.8 K [9]. Interestingly, χdc(T ) shows lowering in the
value below 15 K for the high fields of H = 10 kOe and
20 kOe (right inset of figure 4) and indicates the develop-
ment of magnetic spin correlation for T ≤ 15 K. However,
the absence of thermal hysteresis in ZFC and FC curves
rules out the formation of magnetic cluster or spin glass
like freezing at this temperature in these compounds.
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FIG. 4: (Color line) DC magnetic susceptibility χdc versus T
at H = 5 kOe for Dy2−xLaxZr2O7. Inset (Left): Curie-Weiss
fitting (red line) of χ−1 (T) in 30 ≤ T ≤ 300 K at H = 5 kOe.
Inset (Right): χdc(T) versus T at H = 10 kOe and 20 kOe for
Dy2Zr2O7.
The Curie-Weiss χ = C/(T - θCW ) fit of χ
−1(T) data
for Dy2Zr2O7 in the high temperature above 30 K (left
inset of figure 4) gives θCW = -9.6(2) K, µeff = 16.41
µB and the same fitting in the low temperature range
below 30 K yields θCW = -1.9(4) K. With the inclusion
of the correction for demagnetization factor for powdered
compound, the readjusted θCW values are -8.1(2) K and
-0.5(4) K for the mentioned temperature ranges, which
indicate AFM interactions between Dy3+ spins [39]. The
obtained value of µeff ∼ 8.20 µB/Dy for Dy2Zr2O7 is
significantly lower than the expected paramagnetic state
value of µeff = gJ
√
J(J + 1) = 10.64 µB/Dy per free
Dy3+ ions (gJ = 4/3 and J = 15/2). The reduced value
of µeff reflects the Ising anisotropic nature of magnetic
ground state and has been attributed to the crystal-field
effect [9, 10].
It is to note that the θCW = +0.5 K and 1.9 K have
been reported for Dy2Ti2O7 and Ho2Ti2O7 respectively
from the similar temperature range (1.8 - 30 K) [9, 20].
These compounds possess AFM exchange interaction at
local Dy-Dy level but depict FM exchange interaction
at global level with positive θCW [9, 20]. It is worthy to
mention that Pr2Zr2O7 also shows negative θCW and ow-
ing to smaller value of µeff (∼ 2.5 µB/Pr) it is considered
as the exchange spin ice material [40]. The substitution
of La for x = 0.15 and 0.3 in Dy2Zr2O7, substantially
reduces the µeff and θCW (See Table 1).
We further estimated the nearest neighbor dipole-
dipole interactions Dnn and exchange interactions Jnn
for Dy2−xLaxZr2O7. The dipole-dipole interactions can
be estimated using the equation [41]
Dnn =
5
3
(
µo
4pi
)
µ2eff
r3nn
(1)
Using the distance between nearest neighbor Dy3+ ions,
rnn = (a/4)/
√
2 = 3.70 A˚ (a = lattice constant) and µeff
= 8.20 µB/Dy, we obtained Dnn = 1.38 K for Dy2Zr2O7.
To determine the nearest neighbor exchange interactions
Jnn, the χdc(T) data was fitted by χdc(T) = (C1/T)[1
+ C2/T], where C1 is the curie constant and C2 consists
of the exchange and dipolar terms between the <111>
Ising moments (C2 = (6S
2/4)[2.18Dnn + 2.67Jnn]) in
the linear low temperature region 10 - 30 K [11]. The
fitting yields C2 = -1.55(03) and using Dnn = 1.38 K,
we obtained Jnn = -1.188 K. The ratio Jnn/Dnn ∼ -
0.86 is close to the value for spin ice (-0.91), and thus
favors the spin ice behavior [42]. Byron C. et al. has ex-
plained the occurrence of spin ice behavior in Dy2Ti2O7
and Ho2Ti2O7 despite the presence of long-range dipo-
lar interactions and showed that the spin ice behavior is
recovered over a large range of Jnn/Dnn parameter [42].
The Jnn/Dnn ratio for these spin ice candidates are -0.53
and -0.22 respectively [8]. The Jnn/Dnn ratio increases
with La substitution (See Table 1) and is expected to sta-
bilize the spin ice phase in the substituted compounds.
In order to determine an accurate value of the ratio
Jnn/Dnn, we have estimated the nearest neighbor Dy-
Dy exchange interaction Jnn from first principles DFT
calculations for the parent compound Dy2Zr2O7. Jnn
was calculated by mapping the total energy difference to
a classical Heisenberg spin Hamiltonian [43]. We con-
sidered four different spin configurations of two neigh-
boring Dy3+ spins: (i) ↑ ↑ (ii) ↓ ↓ (iii) ↑ ↓ and (iv) ↓↑
with corresponding total energies given by E1, E2, E3 and
5E4 respectively keeping all other spins ferromagnetically
aligned. The Jnn is then calculated by following formula
Jnn = (E1 + E2 − E3 − E4)/4nS2 (2)
where S = 15/2, n = 2. The calculated near neighbor
exchange interaction within GGA+SO approximation is
found to be AFM in nature and the value is -1.276 K.
For this value of Jnn, we obtain the ratio Jnn/Dnn to
be -0.92 which lies in the range of spin ice systems [42].
Thus, our results substantiates the possibility of spin ice
behavior for Dy2Zr2O7. It is to mention that even with-
out the application of Coulomb correlation U , we obtain
magnetic moment value at Dy site to be 4.9µB with the
value of Jnn/Dnn = -0.92 for Ueff = 0 being the closest
to the spin ice value.
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FIG. 5: (Open symbol) Isothermal Magnetization M(H) of
Dy2−xLaxZr2O7; x = 0, 0.15, 0.3 at 5 K. The solid curves
are the fits of M(H) data by Eq. (3). Inset: Isothermal
Magnetization M(H) of Dy2Zr2O7 at T = 7 K along with
fitting by Eq. (3) with an effective longitudinal g factor gzz
= 18.4(02).
The isothermal M(H) for Dy2−xLaxZr2O7 measured
at T = 5 K are shown in Figure 5. Initially M in-
creases rapidly with field and tends towards satura-
tion above H ≥ 30 kOe in the substituted compounds
only. The saturation magnetization (Ms) value of 4.80
µB/Dy for Dy2Zr2O7 at 70 kOe is close to Ms = 5
µB/Dy for Dy2Ti2O7 [44]. These values are ∼ 45%
lower than the free ion theoretical value of Ms = 10.64
µB/Dy, and indicate the strong Ising anisotropy similar
to a local <111> Ising anisotropic system [9, 10]. The
Ms/Dy values decrease further for the La substituted
Dy2Zr2O7. The reduction in Ms/Dy (∼ 4 − 25%) in
comparison to Dy2Ti2O7 points to enhanced anisotropy
in Dy2−xLaxZr2O7 compounds [44]. It is to note that
M(H) value (at T = 5 K) reaches to saturation state value
of <M> = 3.33µB/Dy, for the field of H ≈ 10 - 20 kOe
only, which is required to comply with the ice rule along
[111] axis. For higher fields, magnetization saturates (Ms
= 4.80 µB/Dy) for Dy2Zr2O7 in accordance with the
three-in, one-out configuration gJJ(1 + (1/3)×3)/4 =
5 µB/Dy [9]. This large value of magnetization along
[111] axis compared to the ice rule expected value (3.33
µB/Dy) confirms the presence of strong Ising anisotropy
in the system which results in the breakdown of ice rule
[9]. The magnetization does not reach to the saturating
value up to 70 kOe in Dy2Zr2O7, whereas in La substi-
tuted Dy2Zr2O7 saturation is attained at lower field that
indicate the reduction in disorder in the substituted com-
pounds and favor the stabilization of pyrochlore phase on
La substitution.
Considering the effective spin half doublet ground state
system with local<111> Ising anisotropy with transverse
and longitudinal g-factors (g⊥ = 0 and g|| = gzz), the
average magnetization of system is given by
< M >=
(kBT )
2
gzzµBH2S
∫ gzzµBHS
kBT
0
x tanh(x)dx (3)
where x = gzzµBHS/kBT. The M(H) data shows a good
fit with above expression for Dy2Zr2O7 at lower field only.
The fitting improves for higher temperature isotherms
(See inset of Figure 5) and La substituted compounds.
The obtained value of gzz = 18.05(02) for Dy2Zr2O7 at
5 K is close to the gzz = 2gJJ = 20, as expected for the
pure Kramers doublet mJ = ±15/2 states of Dy3+. A
closer value of gzz = 18.5(1) is reported for Dy2Ti2O7 in
Ref[39]. The value of the ground state moment of Dy ∼
9.01(2) µB/Dy for Dy2Zr2O7 (calculated using mDy =
gzzSµB) is consistent with the µeff determined from the
dc magnetization. The gzz value increases from ∼ 16 at
1.8 K to ∼ 18.4 at 7 K for Dy2Zr2O7, and indicates the
admixture of additional terms in the mJ . The lowering of
gzz in La substituted compounds further points towards
the enhanced anisotropy. The poor fitting of the M(H)
data at low temperature and high field using the spin 1/2
Ising model highlights the need for additional anisotropic
terms and non-zero transverse g-factor in the model for
these compounds. These data indicate that Dy2Zr2O7
has dominant AFM coupling between nearest-neighbor
Dy ions and easy axis anisotropy.
C. AC susceptibility
Figure 6a shows the temperature dependence of ac sus-
ceptibility χac(T) of Dy2Zr2O7 measured at different fre-
quencies between 10 - 1000 Hz at zero applied dc field.
The real part of ac susceptibility (χ′) of Dy2Zr2O7 (figure
6a) measured in zero dc magnetic field does not show any
anomaly down to 1.8 K. The large value of χ′ suggests
the liquid like dynamic state of the system at low tem-
perature which has been studied in detail by Ramon et
al. [19]. We measured χac in the presence of dc field
also. The χ′(T) measured at f = 931 Hz at H = 3
- 30 kOe is shown in figure 6b. The χ′(T) is similar
to zero field data, up to 3 kOe field, however a weak
anomaly starts developing near T ≈ 10 K for H = 5
kOe field. The deviation in χ′ from paramagnetic-like
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FIG. 6: (a) The χ′(T) of Dy2Zr2O7 measured at H = 0 for
frequencies f = 10 Hz to 1 kHz. (b) T dependence of χ′ at
f = 931 Hz measured at different fields between H = 3 kOe
to 30 kOe. Figure 6c and 6d shows the χ′(T) and χ′′(T) of
Dy2Zr2O7 measured at different frequencies between 10 Hz -
1 kHz and H = 5 kOe. Inset of 6c and 6d are the frequency
dependence of freezing temperature and Cole-Cole fit (at T
= 7.5 K) respectively.
behavior leads to a sharp rise in χ′′ at the freezing tem-
perature, which increases with frequency. For the further
increase in field, the anomaly becomes more prominent
and is pushed towards higher temperature with signifi-
cant decrease in magnitude above 10 kOe. The slowing
down of spin dynamics on the application of field for T
< Tf reveals magnetic spin freezing similar to the spin
ice compounds: Dy2Ti2O7 and Ho2Ti2O7 [6, 7, 13]. A
closer value of Tf to the θCW obtained from dc magne-
tization data, suggesting the development of weak AFM
interactions for high magnetic field.
In order to examine the nature of spin freezing tran-
sition, we performed the χac(T) measurement at H = 5
kOe for different frequencies between 10 Hz to 1000 Hz
(shown in figure 6c and 6d). As seen from the figures, a
clear anomaly is present in χ′(T) and χ′′(T) below ∼15
K at 13 Hz frequency. For the further increase in fre-
quency, maximum in χ′′(T) shift towards higher temper-
ature. This feature is a signature of glassy transition in
systems, having competing interactions or structural de-
fects. To analyze the glass-like freezing of the spin degree
of freedom, we have quantified the frequency dependence
using the relation p = ∆Tf/Tf∆(logfo). The obtained
value of p ≈ 0.08, is much higher than the typical spin
glass (p ≈ 0.01) [21]. The rise in freezing temperature
with field also rule out the possibility of spin glass like
freezing, where the application of magnetic field suppress
the freezing temperature in spin glass.
The more striking difference between the glassy freez-
ing and spin-ice freezing is found in the distribution of
relaxation times. We have performed Cole-Cole analysis
of χ′′ and χ′ data as shown in the inset of figure 6d. The
Cole-Cole plot gives the distribution of relaxation times
of spin-freezing process and depicts the spin dynamics at
a given temperature. The χ′′ and χ′ data is fitted within
the Cole-Cole formalism, given by equation[? ]
χ′′(χ′) = − χo − χs
2 tan
[
(1− α)pi
2
]
+
√
(χ′ − χs)(χo − χ′) + (χo − χs)
2
4 tan2
[
(1− α)pi
2
]
(4)
Here χo and χs are the isothermal and adiabatic sus-
ceptibility respectively. The parameter α depicts the
width of the distribution of relaxation times, for single
spin relaxation α = 0. From the best fit of χ′′ using
equation 4, we obtained (1 - α)pi/2 = 89.88(1)o. Accord-
ingly, we obtain α ≈ 0.001, a very close value of the the-
oretically expected semicircle. The extremely low value
of α and semi-circular character of the plot similar to
Dy2Ti2O7 and Ho2Ti2O7 indicating the single spin relax-
ation or narrow distribution of relaxation time [6, 7, 13].
This is unlike the magnetic systems exhibiting glass-like
behavior, where the relaxation time is typically of several
orders [? ? ? ].
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0.3 measured at f = 931 Hz and H = 5 kOe. Inset of 7b is
the χ′′(T) of Dy1.85La0.15Zr2O7 at H = 3 kOe.
Figure 7a and 7b show the real and imaginary part
of χac(T) of Dy2−xLaxZr2O7 for x = 0.0, 0.15 and 0.3
measured at H = 5 kOe. Similar to parent compound
Dy2Zr2O7, spin freezing anomaly is clearly visible in sub-
stituted compounds. These results are in agreement with
the Raman spectroscopy studies insisting the strengthen-
ing of pyrochlore phase upon La substitution. As shown
in the inset of figure 7b, the spin freezing anomaly devel-
ops at lower field H = 3 kOe for Dy1.85La0.15Zr2O7 com-
pared to Dy2Zr2O7 (H = 5 kOe). Similar studies on Ca
or Y substituted Dy2Ti2O7 show suppression in the freez-
ing transition [6, 9]. However, in the present case, non-
magnetic La substitution stabilizes the pyrochlore phase
7and thus the spin ice state in the weakly ordered py-
rochlore Dy2−xLaxZr2O7 system. Further the frequency
dependence of ac susceptibility is not seen for Dy2Zr2O7
at higher field (7 kOe). Although there is slight increase
in χ′ value with increase in frequency near this anomaly,
we do not observe any frequency dependence, ruling out
the possibility of magnetic clustering, consistent with dc
magnetization studies. (See supplementary information
figure S3).
D. Heat Capacity
Figure 8 displays the magnetic contribution of the heat
capacity (Cmag) of Dy2Zr2O7 for H = 0 - 50 kOe. The
Cmag(T) was calculated from total heat capacity Cp(T)
after subtracting the lattice heat capacity. For the deter-
mination of lattice heat capacity, Cp(T) was fitted using
Debye and Einstein models (see supplementary informa-
tion figure S4). The Cmag(T) plotted on logarithmic T
scale shows a peak at 1.2 K at H = 0. We have shown the
data of Ramon et al. for the comparison [19]. Low tem-
perature Cp(T) at H = 0 and 50 kOe field is shown in left
inset of figure 8. As seen from the figure 8, the Cmag peak
shifts towards higher temperature on the application of
magnetic field and a similar behavior has been reported
for Dy2Ti2O7, Pr2Zr2O7, Yb2Ti2O7 etc.[45–50]. It is to
mention that Pr2Zr2O7 does not exhibit any signature of
long-range ordering in heat capacity and magnetic sus-
ceptibility measurements but still shows the evidence of
spin correlation and quantum fluctuations [47, 51]. These
results are interpreted as the indication of ice rule satis-
fied within the time scale of the measurements.
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The magnetic entropy (∆Sm) of Dy2Zr2O7 for H = 0
and 5 kOe is shown in the right inset of figure 8. The
low temperature ∆ Sm value of Dy2Zr2O7 at zero field is
close to Rln2 (5.76 J/mole-K) which corresponds to the
molar entropy of the classical system of two spin orien-
tations per degree of freedom. The ∆Sm value decreases
for higher fields and shows a remnant value of ∼ Rln2 -
(1/2)Rln(3/2) (4.07 J/mole-K) for 5 kOe field, which is
equivalent to the entropy of water ice [52, 53] and other
spin ice systems Dy2Ti2O7, Ho2Ti2O7 [8, 20]. This is
quite remarkable as the slowing down of the spin dynam-
ics under external magnetic field leads to the spin ice
state. For higher field ∆Sm decreases further and almost
no magnetic entropy is left for H ≥ 50 kOe. These re-
sults are consistent with the field induced spin freezing
transition observed in ac susceptibility data at H = 5
kOe.
The dilution of Dy2Zr2O7 with non-magnetic La shows
no significant change in heat capacity behavior except the
shift of the spin freezing transition towards low temper-
atures (see figure 9). It is reported that the substitution
of 10% Ca2+ for Dy3+ in Dy2Ti2O7 does not change the
spin freezing transition [9]. Furthermore, similar to field
dependence in Dy2Zr2O7, the application of dc magnetic
field (shown in the inset of figure 9 for H = 20 kOe) shifts
the transition towards higher temperature for the La sub-
stituted compounds. Thus, the dilution of magnetism in
Dy2Zr2O7 by La substitution suppress the freezing tran-
sition whereas the dc magnetic field shifts the transition
towards higher temperature.
IV. CONCLUSION
Our study explores the possibility of the spin ice phase
in the highly disordered fluorite/pyrochlore compound
8Dy2Zr2O7. The field dependent ac susceptibility studies
suggest that the Dy2Ti2O7 like spin ice phase can be in-
duced in Dy2Zr2O7 by quenching the structural disorder
under well controlled magnetic field. The ac susceptibil-
ity measurements in dc applied field show the emergence
of magnetic correlation/freezing near T ∼ 10 K which is
akin to that observed for Dy2Ti2O7. Semi-circular be-
havior of Cole-Cole plot and a reduced value of α sug-
gests the presence of single spin relaxation. Further, the
ratio of antiferromagnetic interactions and dipole-dipole
ferromagnetic interaction Jnn/Dnn ∼ -0.86 favors the
spin ice state in the compound. As noticed in Ref[54]
for Dy2Ti2O7, the field induced magnetic transition is
governed by the long-range dipolar interactions over the
nearest neighbors. Similarly, in case of Dy2Zr2O7, the
Jeff = Jnn + Dnn is large enough to favor the dominance
of magnetic dipole-dipole interaction term. The smaller
value of magnetic moment ∼ 8.2 µB/Dy in comparison
to expected 10.64 µB/Dy; and saturation magnetization
∼ 4.8 µB/Dy suggests strong Ising anisotropic nature of
magnetic ground state.
The La substitution into Dy2Zr2O7 stabilizes the weakly
ordered pyrochlore structure, and strengthens the spin
ice phase at even lower fields than required for Dy2Zr2O7.
Heat capacity results shows zero residual entropy at H =
0 Oe and presence of residual entropy of R/2ln(3/2) at
H = 5 kOe indicating the stabilization of the spin ice
state. On application of high magnetic field, the mag-
netic entropy of the system evolves from spin liquid state
to water ice and then back to the non-magnetic ground
state. It would be quite interesting to perform the field
dependent in-elastic neutron scattering study to under-
stand the dynamics of spin to ascertain the true magnetic
state of these compounds.
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VI. SUPPLEMENTARY INFORMATION
A. Crystal Structure
TABLE II: Structural parameters of various atoms in
Dy2−xLaxZr2O7 (x = 0, 0.15 and 0.3)
Atom site x y z a
Dy2Zr2O7 Fd3¯m
Dy 16d 0.5000 0.5000 0.5000
Zr 16c 0.0000 0.0000 0.0000 10.4511(3)
O′ 48f 0.3667(1) 0.1250 0.1250
O 8b 0.3750 0.3750 0.3750
Dy1.85La0.15Zr2O7
Dy 16d 0.5000 0.5000 0.5000
Zr 16c 0.0000 0.0000 0.0000 10.4832(1)
O′ 48f 0.3674(0) 0.1250 0.1250
O 8b 0.3750 0.3750 0.3750
Dy1.7La0.3Zr2O7
Dy 16d 0.5000 0.5000 0.5000
Zr 16c 0.0000 0.0000 0.0000 10.4971(2)
O′ 48f 0.3692(2) 0.1250 0.1250
O 8b 0.3750 0.3750 0.3750
Dy2Zr2O7 Fm3¯m
Dy 4a 0.0000 0.0000 0.0000
Zr 4a 0.0000 0.0000 0.0000 5.228(3)
O 8c 0.2500 0.2500 0.2500
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Figure S1: Variation in freezing temperature (Tf ) and
Jnn/Dnn ratio with La(x) concentration at frequency f =
931 Hz and at a dc field of 5 kOe. It was observed that the
freezing temperature suppressed slightly with increase in La
concentration similar to the non-magnetic Ca and Y
substitution on Dy site in Dy2Ti2O7 [6, 9]. The ratio of
Jnn/Dnn is remain in the spin-ice regime for all the
substituted compounds and gets more closer to the optimum
value ∼ -0.91 for the spin-ice systems [42].
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Figure S3: Curie-Weiss fit of dc magnetization data in the
temperature range 30 - 300 K at H = 5 kOe for
Dy2−xLaxZr2O7 (x = 0, 0.15 and 0.3).
C. Ac susceptibility
Real part of ac susceptibility increases monotonically
with decreasing temperature without any observation of
magnetic anomaly. As we superimposed dc magnetic field
a field induced transition (H = 5 kOe) start developing
at low temperature. We have done the complete anayl-
sis of this transition at 5 kOe in the main text. And to
further study the nature of this field induced transition
ac susceptibility measurement was performed at various
frequencies in the presence of magnetic field of 7 kOe. On
increasing the field the peak shifted to higher tempera-
ture but no significant change in peak position is observed
with the increase in frequency however, a slight change
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Figure S3: (a) Temperature dependence of ac susceptibility
χ′(T) of Dy2Zr2O7 at zero dc magnetic field for f = 531 -
931 Hz. (b) The χ′(T) of DZO measured at H = 7 kOe for
frequencies f = 531 - 931 Hz. Inset: The χ′′(T) of DZO
measured at H = 7 kOe for frequencies f = 531 - 931 Hz.
in amplitude occur. It is quite intersting and in support
with the heat capacity data where the spin-ice entropy
decreases with the application of higher magnetic field (H
≥ 5 kOe). The frequency independent behavior ruled out
the possibility of any spin glass like transition[21]. The
anomaly may indicates a different type of spin freezing
as the pyrochlores have only the distorted spin geome-
try and negligible structural or chemical disorder (<1%)
which introduces the spin-glass behavior. However, to
the best of our knowledge, there have been no clear expla-
nation on the origin and nature of the lowest-temperature
anomaly reported for other polycrystalline spin-ice com-
pound Dy2Ti2O7 at 16 K[21, 44, 45].
D. Heat Capacity
The specific heat data is fitted by using equation
Cp(T ) = mCvDebye(T ) + (1−m)CvEinstein(T ) (5)
Where CvDebye is the Debye lattice heat capacity,
CvEinstein is the Einstein lattice heat capacity. The ex-
pressions for CvDebye and CvEinstein are given by[? ]
CvDebye(T ) = 9NkBT
(
T
θD
)3 ∫ θD/T
0
x4ex
(ex − 1)2 dx (6)
CvEinstein(T ) = 3NR
(
θE
T
)2
e
θE
T
(e
θE
T − 1)2
dx (7)
Where N is the number of atoms per formula unit, kB
is the Boltzmann constant, θD is the Debye temperature
and θE is the Einstein temperature. The magnetic part is
extracted from the total heat capacity by subtracting the
electronic and lattice contribution obtained from Debye
and Einstein models fitting. The fitting of Cp(T) data at
5 kOe clearly shows the absence of magnetic contribution
and thus results in zero magnetic entropy.
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Figure S4: (a) Temperature dependence of heat capacity
Cp(T) of Dy2Zr2O7 for 1.2 ≤ T ≤ 300 K measured in zero
field. The red solid line is the curve fit using Debye +
Einstein Models. Inset: (right) Low temperature Cp for T ≤
20 K. Inset: (left) Einstein and Debye models fit of heat
capacity data at 50 kOe. The best fit of the data at zero
field yields θD = 753(8) K, θE = 153(4) K, with the
weightage of 76% for Debye term [9]. The obtained values
are in consistence with θD = 722(8) K, θE = 157(4) K for
the Dy2Ti2O7 [9].
